A method for effective excitation of optical surface waves based on holography principles has been proposed. For a particular example of excitation of a plasmonic wave in a dielectric layer on metal the efficiency of proposed volume holograms in the dielectric layer has been analyzed in comparison with optimized periodic gratings in the dielectric layer. Conditions when the holograms are considerably more efficient than the gratings have been found out. In addition, holograms recorded in two iterations have been proposed and studied. Such holograms are substantially more efficient than the optimized periodic gratings for all incidence angles of an exciting Gaussian beam. The proposed method is universal: it can be extended for efficient excitation of different types of optical surface waves and optical waveguide modes.
INTRODUCTION
Surface-wave and plasmonic-wave optics are the actively developing fields of modern optics [1] . They are widely applicable for Raman spectroscopy [2, 3] , optical chemical and biosensors [4] , optical interconnects [5, 6] and modulators [7] .
There are a lot of methods for surface waves excitation: they can be excited either by near field (e.g. from radiating molecules or quantum dots near the surface along which the surface wave propagates [8] or from a probe of a near-field optical microscope [9] ) or can be excited by far field (of a laser beam incident on the surface). In the last case, effective surface-wave excitation requires the equality of the surface wave's and the incident exciting wave's wave-vector components along the surface (which is achieved in the Kretschmann configuration). Alternatively, structures breaking translational symmetry along the propagation direction of the surface wave should be fabricated. For instance, the translational symmetry may be broken by a periodic grating on the surface along which the surface wave propagates.
Surface waves are commonly excited by means of periodic gratings [10] . The efficiency of a surface-wave excitation on a periodic grating may be, however, not high enough particularly in the case of a small grating with just several periods. To increase the efficiency of a surface-wave excitation while keeping an exciting structure (e.g. grating) small (for the purpose of miniaturization) new approaches to develop such structures should be found.
In our paper [11] , by the example of a surface plasmonic wave (PW) in a dielectric layer on metal we show that holographic principles can be used for efficient excitation of the PWs. In some particular cases, the efficiency of holograms may be substantially higher [11] than that of simple periodic gratings in the dielectric layer (e.g. similar to those described in [10] ) in which the refractive index is periodically modulated in the layer plane and is invariable in the direction perpendicular to the layer plane. In the present paper, we expand our study of holographic excitation of optical surface waves.
Let us illustrate the holographic surface-waves excitation method by the example of a surface plasmon-polariton (SPP) excitation on a sinusoidal metal surface relief modulation. In this case, the grating in the form of a metal surface relief modulation may be considered as an analog of a hologram. The SPP being excited is an analog of either an object wave used for a hologram recording or an image obtained as a result of a hologram reconstruction; an exciting wave incident on the grating from air is an analog of either a reference or a reconstructing wave. The configuration for SPPs excitation using principles of holography is shown in Fig. 1 .
Let us consider, according to 
Here  is a phase shift (independent on x) between the exciting wave and the SPP. Thus, the hologram obtained in the form of the metal surface relief modulation () yx is the grating with the period D , given by the condition (so called Wood's condition [12] [13] [14] (Wood  effect) . Thus, in the simple case of an SPP excitation on a periodic metal surface modulation such a periodic modulation may be considered as a hologram. However, in the more general case of excitation of optical surface waves with sophisticated field distributions or in the case of exciting waves not being plane the described holographic approach can be applied as well. surface is illuminated by a reconstructing wave (exactly matching the reference wave). As a result of the reconstructing wave scattering on the hologram, the SPP is excited. Air is shown by white color, metal substrate -by black color.
In the recent years, a holographic approach for excitation of various complex-configuration plasmonic beams by laser beams incident from air [15] [16] [17] [18] or by simple SPPs [19] [20] [21] is being actively developed. Holograms for excitation of plasmonic Airy [15, 16, 18, 22] , plasmonic Hermite-Gauss [15, 18, 23] , plasmonic Bessel [18] beams on a flat metal surface and other plasmonic beams with rather complex field distributions [20] are developed and fabricated. One class of plasmonic holograms proposed in literature includes holograms in a form of metal surface modulation determined by interference of an exciting wave with a plasmonic beam being excited [15, 18, [24] [25] [26] . Holograms of another class are metasurfaces composed of optical nanoantennas whose characteristics and arrangement are customized to create a required amplitude-phase distribution of the scattered field [16, 17, 20, 23] . However, application of holography for efficient (in terms of power) excitation of plasmonic surface waves in metal-dielectric structures and modes of plasmonic waveguides is still to be analyzed.
In the present paper, we will theoretically study efficiency of surface-waves excitation using principles of holography. By the particular example of a plasmonic wave (PW) excitation in the structure metal/dielectric layer/air using volume holograms in the dielectric layer, we will find out general enough conditions when the holographic approach can be efficient for surface waves excitation. We will discuss advantages of the holograms over simple periodic gratings where material parameters are modulated in the plane of a substrate and are invariable in the direction perpendicular to the substrate plane. In addition, we will consider a possibility to increase efficiency of holograms by recording of them in several successive iterations.
GEOMETRY OF THE SYSTEM UNDER CONSIDERATION AND HOLOGRAMS FOR EXCITATION OF PLASMONIC WAVES IN THE SYSTEM
In this paper, we analyze application of holography principles for a PW excitation in a dielectric layer on metal. In particular, the structure analyzed here was composed of a layer (of infinite width) of photoresist poly(methyl methacrylate) (PMMA) with the thickness 600 nm h  on a gold surface (see Fig. 2(a) ). All the quantitative results presented in this paper are for the wavelength in vacuum A hologram was recorded in the rectangular area of the PMMA layer (we denote this area as  ) which covered the whole thickness of the layer in the y-direction, was infinite in the z-direction and had the length Fig. 2(a,b) ). The center of the area  along the x-direction was at the incident beam's focus.
For holograms recording, we considered an interference of the exciting beam 
The maxima were found over the whole area  of a hologram, the parameter A described a hologram "contrast degree" and ranged from 0 to  . Below, we optimize holograms with respect to the For comparison with holograms efficiency, we studied excitation of the PW on simple periodic gratings in the PMMA layer with refractive index modulated in the layer plane and invariable in the direction perpendicular to the layer plane.
The gratings were created in the area  exactly matching (by shape and position) that one where holograms were recorded ( Fig. 2(a) ). The geometries of the gratings considered are shown in Figs. 2(c,e) where the refractive index is indicated by the same colors as in Fig. 2(b) . In general, the grating period D optimal with respect to the PW excitation efficiency may differ from that given by the condition of the type (1) because the condition of the type (1) is valid in the low-contrast limit (when the refractive index in  is weakly modulated and the mean refractive index is close to PММА n ). However, for the gratings considered in the current paper, the mean refractive index in  was nearly equal to PММА n resulting in most cases in the optimal grating period being close to that given by the condition of the type (1) . So, we considered gratings in the area  with the refractive index () nx independent on y: 
EFFICIENCY OF PLASMONIC WAVE EXCITATION USING THE VOLUME HOLOGRAMS
We compared efficiencies η of the proposed holograms In Figs. 4(a,b) , the electric field distributions for the optimized hologram and grating illuminated by an incident beam are shown. The excited PW is propagating to the right of the hologram/grating. In Fig. 2(b Thus, based on the case α 45    considered, we can conclude that a hologram would be more efficient than a grating of the form (3) if the refractive index distribution in the hologram is considerably inhomogeneous in the ydirection. In particular, the ( , ) n x y can be considerably dependent on y in  if the exciting wave is incident obliquely at a large angle α or when the exciting wave has a more complex field distribution in  . From the case of normal incidence considered, we can infer that holograms may be less efficient than gratings of the type (3) if the optimal grating period differs from the period given by the relation of the type (1) (whereas a hologram "period" in the x-direction is always close to that given by the relation of the type (1)). Nevertheless, as we show in [11] , a hologram can be more efficient than a grating with the optimal period significantly different from the hologram "period" when the exciting wave is incident obliquely at a rather large angle.
Finally, we analyze the case of α 13    . In this case, the optimal grating period 935 nm D  and the period given by the relation of the type (1) are the same. However, the optimized grating is more efficient than the optimal hologram. In order to discover why the hologram is less efficient than the grating, we examine the refractive index distribution in the hologram (see Fig. 2(d) Fig. 2(d) 
HOLOGRAMS RECORDED IN SEVERAL ITERATIONS
Strictly speaking, holography is a method working in the single-scattering approximation. Otherwise, the radiation multiply scattered on a hologram may in general be completely different from an object wave which determined the function The refractive index variation at a current iteration is determined by the interference of the PW being excited and an exciting wave. In turn, the exciting wave changes from iteration to iteration, since it is the result of the incident wave scattering on the hologram recorded at the previous iteration.
We considered holograms recorded in two successive iterations in more details. After the first iteration, the refractive index distribution 
E
is the plasmonic wave being excited. After the second iteration of recording, the refractive index distribution
) Note that at the first and the second iterations of recording the phase relations between the exciting wave and the wave being excited must be the same. If 
PLASMONIC WAVES EXCITATION EFFICIENCY OF TWO-ITERATIONS RECORDED HOLOGRAMS
We calculated efficiencies  of the two-iteration holograms (4) for various incidence angles  . These twoiteration holograms were optimized by selecting the values of A and 2 A in order to maximize their efficiencies. The obtained dependence is shown in Fig. 7 . As can be seen in Fig. 7 , the two-iteration holograms (4) are substantially more efficient than the optimized singleiteration holograms (2) and the optimized gratings (3) for all
Note the particular case of α0  . The refractive index distribution of the optimized two-iteration hologram (with 0.6 A  and 2 7.0 A  ) is shown in Fig. 6 . As opposed to single-iteration holograms (2) and gratings (3), the refractive index distribution in Fig. 6 is highly asymmetric with respect to the inversion of the x-axis direction. The power of the PW excited in the x-direction on the two-iteration hologram is 15 times more than the power of a PW excited in the opposite direction whereas in the case of the hologram (2) and the grating (3) the power of the excited PWs is nearly equal in both directions. The efficiency of the two-iteration hologram is 2.9 times more than the efficiency of the single-iteration hologram (2) at 0    . 
CONCLUSION
In the present paper, we theoretically studied capabilities of the holography principle in application for efficient excitation of plasmonic surface waves by an incident laser beam.
It is easy to see that commonly known periodic gratings in the form of a metal surface relief modulation used for excitation of SPPs on a metal surface can be considered as holograms. However, the holographic approach can potentially be generalized for excitation of various optical surface waves and optical waveguide modes. In particular, for the telecommunication wavelength, we analyzed holograms for excitation of a plasmonic surface wave in a structure gold/subwavelength PMMA layer/air. To be more specific, volume holograms in the form of the refractive index modulation in the PMMA layer were considered. The refractive index distribution in these holograms might be significantly inhomogeneous in the y-direction perpendicular to the layer plane, because of complicated (curved) phase fronts shape of an exciting wave in the hologram area.
We studied efficiencies (as a ratio of the excited plasmonic wave power to the exciting incident beam total power) of the proposed holograms as functions of the exciting Gaussian beam incidence angle. For comparison, we considered efficiencies of simple periodic gratings (of the type (3)) with refractive index of the PMMA layer modulated in the layer plane and invariable in the y-direction. The gratings/holograms considered were optimized for each incidence angle individually. The results obtained show that at some incidence angles the holograms (2) are more efficient than the gratings (especially at large incidence angles) and at some other incidence angles the gratings are more efficient.
For the incidence angle 45  the optimized hologram efficiency is 1.5 times higher than the optimized grating efficiency. For more oblique incidence angles the advantage of holograms over gratings is even more sizeable. Based on the numerical analysis, we found out factors determining advantages and disadvantages of holograms (2) with respect to gratings (3). Holograms "periods" were determined by the condition of the type (1) and might differ from the optimal gratings periods if the refraction index modulation was not weak (strictly speaking, holograms are intended to work in the single-scattering regime). However, even if an optimal grating period considerably differs from a hologram "period", the hologram can be more efficient if the refractive index distribution in the hologram is significantly inhomogeneous in the y-direction [11] . For example, the refractive index distribution in a hologram is considerably different from that in simple gratings (independent on y) if the exciting wave is incident on a hologram obliquely at a rather large angle or if phase fronts of either exciting wave or a wave being excited are curved. The cross interference term in the intensity of an exciting and excited waves sum determining the hologram form includes several summands corresponding to various polarization components of electric field. If these summands have different spatial distributions in the hologram area and make comparable contributions into the hologram refractive index distribution, the hologram efficiency may decrease. But if one of the electric field polarization components of either exciting wave or a wave being excited is dominant over the others, the hologram configuration accounts phase relations between the exciting and the excited waves more correctly than simple gratings (3) .
In addition to holograms of the type (2), we proposed and analyzed holograms recorded in two successive iterations in the same area in the PMMA layer. Such holograms are considerably more efficient than simple periodic gratings (3) and holograms (2) recorded in one iteration for all incidence angles of the exciting wave.
In our future publications, we will study in more details discrete volume holograms where refractive index can have only two values one of which is 1. Such discrete holograms are expected to be easier to fabricate (e.g. by 3D printing [29] ) than the continuous holograms.
The proposed holographic method is universal, it can potentially be applied for excitation of not only plasmonic surface waves, but of other types of optical surface waves (e.g. Tamm waves in dielectric structures [30] ) as well, and also for excitation of dielectric and plasmonic waveguide modes.
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